Background. Previous studies identified B cell gene signatures and predominance of specific B cell subsets as a marker of operational tolerance after kidney transplantation. These findings suggested a role for B cells in the establishment or maintenance of tolerance. Here we analyzed B cell recovery in 4 subjects, 3 of whom achieved tolerance after combined kidney/bone marrow transplantation. Methods. Peripheral B cell subsets were examined longitudinally by flow cytometry. Immunoglobulin heavy chain repertoire analysis was performed using next-generation sequencing. Lastly, the patients' serum reactivity to HLA was assessed by Luminex. Results. B cell counts recovered approximately 1 year posttransplant except for 1 subject who experienced delayed reconstitution. This subject resumed immunosuppression for acute rejection at 10 months posttransplant and underwent preemptive retransplantation at 3 years for chronic rejection. B cell recovery was accompanied by a high frequency of CD20 + CD24 high CD38
high transitional B cells and a diversified clonal repertoire. However, all 4 subjects showed prevalence of CD20 + CD27+ memory B cells around 6 months posttransplant when B cell counts were still low and the clonal B cell repertoire very limited. The predominance of memory B cells was also associated with high levels of somatically mutated immunoglobulin heavy chain variable sequences and transient serum reactivity to HLA. Conclusions. Our observations reveal the presence of memory B cells early posttransplant that likely escaped the preparative regimen at a time consistent with the establishment of tolerance. Further studies are warranted to characterize the functional properties of these persisting memory cells and evaluate their potential contribution to tolerance induction. S everal independent studies have now reported distinctive B cell markers in operationally tolerant kidney transplant recipients. [1] [2] [3] [4] [5] [6] [7] [8] Gene profiling experiments first revealed increased expression of specific immunoglobulin light chain variable region genes in tolerant subjects compared to controls. 4, 7 Expression of these genes is now being evaluated for its capacity to identify subjects who may benefit from immunosuppression (IS) withdrawal. Phenotypic studies also examined the composition of peripheral B cell pools in these subjects. A consensus emerged around transitional B cells, a population of presumably immature cells, because it was shown that this B cell subset was increased in tolerant subjects in several independent studies. 2, 4, 5, 8 Other B cell subsets were also identified as elevated in tolerant subjects, including memory B cells and granzyme B+ cells with a plasma cell phenotype.
Aside from their usefulness as predictive biomarkers, B cells were also investigated in the hope that they contributed to the establishment of tolerance. Their function might then provide key elements to understanding the mechanisms of tolerance. Because of their increased numbers in operationally tolerant subjects and their recently discovered regulatory properties, 9 it was suggested that transitional B cells were directly involved in graft acceptance. On the other hand, these immature B cells were detected at a time when tolerance was already established, that is, when transplant recipients were no longer being treated with immunosuppressive drugs. 2, 4, 5 For this reason, it is still uncertain whether transitional B cells are effectively related to the mechanisms that result in this state of tolerance. Ideally, the contribution of B cells to tolerance would be examined at the time when it is established. This specific time window is difficult to capture.
In the present study, we investigated a well-defined group of subjects who received combined kidney/bone marrow transplantation (CKBMT) at Massachusetts General Hospital from HLA haplo-matched donors as a strategy to induce tolerance to the organ graft (ITN036 trial). 10, 11 Three of the 5 subjects enrolled in this trial, sponsored by the Immune Tolerance Network, successfully accepted their transplants without the need for long-term IS. 10, 11 The precise timing of the trial, conditioning regimen and IS withdrawal delineated the time when tolerance was induced in these subjects. We took this opportunity to examine B cells at this critical time and determine which subset may have contributed to graft acceptance.
MATERIALS AND METHODS

Subject Characteristics
Five subjects were enrolled in this study. CKBMT was performed at Massachusetts General Hospital from HLA haplomatched donors. The detailed conditioning regimen (ITN036) and clinical outcomes have been reported separately. 10, 11 All subjects received 4 doses of rituximab (375 mg/m 2 per dose) on days −7, −2 pretransplant and days 5 and 12 posttransplant. For the sake of concordance, we used the same subject identifying code, namely, subjects 6, 7, 8, 9 , and 10, as that used in a prior publication from our group. 10 Subject 8 lost her graft 6 months posttransplant because of thrombotic microangiopathy, likely related to tacrolimus toxicity. This subject is not described further in the present report. For the 4 remaining subjects, IS was slowly tapered over several months and completely discontinued at 8 months. Graft function remained stable for 5 to 6 years for subjects 6, 7 and 9. As described in detail elsewhere, 10 subject 10 experienced acute T cell-mediated rejection approximately 2 months after IS was discontinued and after an episode of pyelonephritis treated with antibiotics. IS was resumed but graft function never fully recovered. He underwent preemptive retransplantation with standard IS 36 months after receiving his first transplant. The collection of all specimens used in this study was approved by the MGH internal review board.
Flow Cytometry
CD19+ B cell counts were determined on whole blood after red blood cell lysis using monoclonal antibodies specific for CD19 (BD Bioscience, San Jose, CA). Absolute numbers of B cells were calculated based on patient white blood count and the immunophenotypic data. Phenotyping analysis of B cells was performed by labeling blood lymphocytes with titrated volumes of anti-CD24 fluorescein isothiocyanate (BD biosciences), anti-CD38 PE (Beckman Coulter, Fullerton, CA), anti-CD27APC/Cy7 (Biolegend, San Diego, CA). Cells were analyzed using a FACSVerse flow cytometer (BD Biosciences). The flow cytometer calibrated by methods described previously. 12 
Detection of Reactivity to HLA Molecules
The reactivity of subjects' sera at different time points to HLA Class I and HLA Class II was assessed using beads coated with mixed HLA molecules (LABScreen Mixed, One Lambda, Los Angeles, CA). A noncorrected mean fluorescence intensity (MFI) of 1000 was arbitrarily used as a cutoff value. MFI values obtained for negative control beads ranged from 8 to 60. Serum samples showing positive reactivity to HLA Class I or HLA Class II were further tested using beads coated with single HLA molecules (LABScreen single-antigen HLA class I and class II; One Lambda). Bound antibodies were detected with anti-IgG (One Lambda) PE-conjugated secondary antibody on a Luminex 200 apparatus (Luminex, Austin, TX).
Molecular Analysis of Rearranged Immunoglobulin Heavy Chain Transcripts
Total RNA was extracted from subjects' peripheral blood mononuclear cells collected at different time points using a PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA). Superscript III reverse transcriptase kit (Invitrogen, Carlsbad, CA) was used to generate cDNA. Variable regions of the Ig heavy chain were then amplified by PCR using 6 family-specific forward primers (VH1-VH6) and a consensus JH reverse primer as previously described 13, 14 with minor modifications. All 6 forward VH primers and the JH reverse primer used for each specimen (subject time point) included a unique barcode. The PCR conditions were as follows: 95°C for 5 minutes (95°C for 30 seconds; 56°C for 30 seconds; 72°C for 30 seconds) Â 35 cycles; 72°C for 10 minutes. PCR products were then purified after electrophoresis on agarose gel and used as template for next-generation sequencing (NGS) of immunoglobulin heavy chain variable regions (IGHV). NGS was carried out by Beckman-Coulter Genomics services.
Analysis of IGHV Sequences and Somatic Hypermutations
IGHV sequences were analyzed using the Immunoglobulin Analysis Tool (IgAT). 15 Using this tool, the different framework (FR1-FR3) domains and complementarity determining regions (CDR1-CDR3) were identified for each sequence. All sequences including identical CDR3 amino acid segments were considered as originating from the same clone and grouped together to constitute partial IGHV repertoires. IGHV somatic hypermutations (SHM) were also identified using IgAT software. Somatic mutation rate was calculated to show the SHM status of the sequence pool generated from subject specimens at different time points. The diversity of sequences generated from specimens collected at different time points was calculated and presented as Shannon Diversity Index.
RESULTS B cell Reconstitution After CKBMT
In addition to a preparative regimen including cyclophosphamide, subjects enrolled in the ITN036 trial received rituximab (375 mg/m 2 per dose) on days −7 and −2 pretransplant and days 5 and 12 post transplant. 10 This combined treatment eliminated almost all B cells from peripheral blood. As shown in Figure 1A , the kinetics of B cell reconstitution varied between individuals, starting early in subject 6 and comparatively later in subjects 7 and 9. B cell reconstitution was also delayed in subject 10, who received steroids and antithymocyte globulin 10 months posttransplant for acute T cellmediated rejection. Peripheral blood B cell counts typically recovered to pretransplant levels (>30-40 cells/μL blood), by around 1 year posttransplant, except for subject 10 who experienced delayed reconstitution. This subject lost his graft to rejection at 36 months posttransplant, whereas the other subjects achieved operational tolerance. Although barely detectable by flow cytometry, all subjects had peripheral blood B cells at day 182. We carried out a longitudinal phenotypic analysis of reconstituting B cells. As shown in Figure 1B , transitional B cells, identified as CD19 + CD24 high CD38
high,16 were detectable at low frequency in subject 7 (~5%) and virtually nonexistent in subjects 6, 9 and 10 at 6 months posttransplant. In contrast, we observed a prevalence of CD20 + CD27+ memory B cells among reduced B cell pools in all subjects at this time-point ( Figure 1C ). These memory cells were likely B cells that had escaped rituximab treatment. Accordingly, the percentage of memory B cells sharply diminished as the percentage of transitional B cells increased when reconstitution followed its course ( Figures 1B, C) .
Longitudinal IGHV Repertoire Analysis in Peripheral Blood of CKBMT Recipients, Diversity and SHM To evaluate B cell reconstitution at the clonal level, we conducted IGHV repertoire analyses at various time points for all subjects. We used a NGS strategy to generate between 2500 and 28 500 reads per samples. All sequences were analyzed and grouped by clonally rearranged CDR3 sequences. Pie charts reported in Figure 2 for subject 6, shown as an example, and in Figures S1-S3 , SDC, http://links.lww.com/TP/ B440 depict the frequency of clonotypic CDR3 sequences for each the 6 IGHV families (VH1-VH6) for each time point. The diversity of B cell repertoires was high in the pretransplant blood as well as at 1 and 2 years posttransplant. Although B cell counts were low at day 182, we successfully obtained enough sequences to carry out repertoire analysis in all subjects. As expected, B cell repertoires were markedly skewed at day 182, when B cell reconstitution was not FIGURE 3. Shannon Diversity Index of the IGHV sequence pools. All sequences including identical CDR3 amino acid segments were considered originating from the same clone. Shannon Diversity Index was calculated to show diversity of sequences generated from 4 subjects'specimens at various time points. Shannon Index was calculated using the formula:
FIGURE 4. SHM rate of IGHV sequences. SHM within IGHV sequences were identified using IgAT software. SHM rates were calculated for all time points. The total number of sequences analyzed for each sample is indicated below the time point markers. Somatic mutation rate = (Number of mutated sequences/Number of total sequences) Â 100%.
detectable by flow cytometry. At this timepoint, a few prevalent clones dominated the B cell pools. Based on the phenotypic results, these clones were likely memory B cells that had escaped the cytolytic activity of rituximab and possibly expanded in a B cell lymphopenic environment.
As a more reliable marker of IGHV sequence diversity, we calculated the Shannon Diversity Index for each subject time point. This index provides a direct measurement of the diversity in the composition of each repertoire. The Shannon index was sharply reduced for all subjects at day 182 posttransplant but recovered to pretransplant levels at 1 year posttransplant (Figure 3) . We also calculated the somatic mutation rate of the sequences generated for all the time points. As shown in Figure 4 , the somatic mutation rate was increased at day 182 for all but 1 subject (subject 7) in accordance with the predominance of memory B cells at this timepoint. Of note, subject 7 was the only subject with detectable transitional B cells at day 182.
Serum Reactivity to HLA Molecules
In addition to markers of B cell reconstitution, we assessed the subjects' serum reactivity to HLA class I and class II at all time points by Luminex using beads coated with mixed HLA molecules. As shown in Figure 5 , we detected a spike of reactivity within the first 8 months posttransplant for subjects 6, 7, and 9 before IS was discontinued. The serum of subject 6 reacted to HLA class I at day 182; the serum of subject 7 weakly reacted to HLA Class I at day 20 and the serum of subject 9 reacted to both HLA class I and class II at day 121 posttransplant. To identify the recognized antigens, we subsequently assessed the positive serum samples using beads coated with single HLA molecules. As shown in Figure 6 , subject 6 reacted to multiple class I antigens at day 182, including B*07:02 expressed on donor cells. The serum of subject 7 only showed weak reactivity to multiple HLA class I molecules at day 20 ( Figure 7) . However, as revealed in Figure 8 , the serum of subject 9 strongly reacted to multiple HLA class I and class II, including several donor (A*30:01), and self-antigens (A*68:01, B*08:01, DQB1*0501).
DISCUSSION
In this study, we examined B cell reconstitution in patients who achieved tolerance after CKBMT from HLA haploidentical donors. This clinical scenario provided us with a unique time window to investigate B cells during tolerance FIGURE 5 . Longitudinal assessment of serum reactivity to HLA molecules. The reactivity of subject 6, 7, 9, and 10, serum specimens collected at various times to HLA class I and HLA class II was assessed using beads coated with mixed HLA molecules. Results are reported as MFI.
induction and identify specific subsets that may have contributed to the immune mechanisms underlying graft acceptance.
Previous studies have examined elements of immune recovery after hematopoietic stem cell transplantation combined with organ transplantation. 17, 18 The present results depict the gradual reconstitution of B cell pools after CKBMT. Based on peripheral B cell counts, the reconstitution varied between individuals, starting early in subject 7 and comparatively later in subjects 6 and 9. B cell reconstitution was also delayed in subject 10 who received steroids and anti-thymocyte globulin 10 months posttransplant for acute T cell-mediated rejection. Phenotypic studies showed a high frequency of CD27+ memory B cells immediately after transplant at a time of low B cell counts. This population likely corresponds to memory cells that escaped rituximab treatment and even possibly expanded in the context of B cell lymphopenia. 19 We also examined transitional B cells in the patients' blood as these cells are among the first to emerge during B cell reconstitution after FIGURE 6. Subject 6 serum reactivity to HLA class I. The reactivity of subject 6 serum at day 182 posttransplant to HLA class I antigens was tested by Luminex using single-antigen beads. Each bar represents reactivity to 1 corresponding class I molecule labeled below. Only the 50 antigens toward which the serum reacted the most are depicted. Antigens are sorted based on reactivity. Donor and recipient HLA are listed below the x-axis. Despite this observation, it seems incongruous at first to consider these otherwise immature cells as key tolerogenic elements. Conventional wisdom would dictate that transitional cells observed in peripheral blood are unlikely to have had any function in vivo precisely because, as immature cells, they have never been stimulated. 22 Blair et al 9 showed that transitional cells have regulatory capabilities, especially through the production of IL-10. However, this function is acquired after sustained stimulation, resulting in the loss of their immature phenotype. Likewise, regulatory cells can originate from transitional B cells in vivo but by doing so they would lose their immature phenotype. It is therefore unlikely that transitional B cells detected in peripheral blood samples could have contributed to tolerance. Furthermore, our present investigation reveals a marked increase in CD24 high CD38
high transitional cells but only after patients had stopped IS and therefore after tolerance to the organ graft was established, with the exception of patient 7 who had 5% transitional B cells 6 months posttransplant. This distinction is crucial because it virtually excludes these transitional cells as possible immune elements contributing to tolerance induction in CKBMT patients.
In contrast, memory B cells were the predominant B cell subset at the time tolerance was established in CKBMT patients. Increased memory B cell pools have been associated with operational tolerance in previous studies 1, 4, 6 even though this observation was mainly obscured by an initial focus on transitional B cells. Moreover, regulatory functions were also attributed to memory cells by several investigators, including the groups of Tedder and Mauri. 23, 24 Our present data, together with the published literature, suggest that memory B cells could have contributed to graft acceptance after CKBMT. On the contrary, transitional B cells, virtually undetectable in peripheral blood as tolerance was evolving, seem less likely to have played a significant role. Of note, the situation observed in CKBMT recipients may differ from that of operationally tolerant kidney recipients who did not undergo B cell-depleting conditioning regimen. Nevertheless, a recent study by the group of HernandezFuentes, reported that the initial identification of transitional B cells in operationally tolerant patients may have been due to IS withdrawal. 25 Only very few B cells, expressing a memory phenotype, were detected in the peripheral blood of CKBMT patients 6 months after transplant. These low counts are consistent with the slow B cell reconstitution after hematopoietic cell transplantation. Memory B cells may have been spared by the nonmyeloablative regimen, including several rounds of rituximab treatment. These cells are considered to have increased longevity compared to naïve B cells. 26 On the one hand, it is difficult to conceive that such a small number of cells could have contributed to any form of immune reaction, tolerogenic or not, nor does this retrospective study demonstrate such a contribution. On the other hand, we detected a transient increase in serum IgG reactivity to multiple HLA antigens within the first year posttransplant. The antigens toward which the serum reacted included HLA alleles expressed by the donor, the recipient, neither or both. This broad reactivity is characteristic of polyreactive antibodies, as we recently described. 14, 27 Polyreactive antibodies crossreact to a wide range of HLA alleles that do not necessarily share a public epitope. Although we cannot formally demonstrate that polyreactive antibodies contributed to the serum reactivity in ITN036 subjects, their possible contribution is suggested by the fact that recipient-specific HLA were among the antigens recognized. The origin of such spike of serum reactivity is uncertain. It is plausible that a cytokine flare associated with the engraftment syndrome may have caused a nonspecific activation of memory B cells. The functional significance of these antibodies is also unclear. Consistent with the possibility that B cells producing such antibodies may be contributing to tolerance, Tedder and colleagues reported the polyreactive nature of IL-10-producing regulatory B cells. 28 Because of limited specimens collected from CKBMT patients, we could not assess whether circulating memory B cells detected 6 months posttransplant secreted IL-10 and corresponded to B10 cells. It is worth noting that patient 10, who experienced delayed B cell reconstitution, developed acute rejection at 10 months posttransplant and was eventually retransplanted approximately 2 years later for chronic rejection.
Our study is inherently limited by the small number of patients examined. Nevertheless, it sheds light on the composition of B cells detected in the peripheral blood at different stages of the immune reconstitution after CKBMT, which may have implications for their possible role in tolerance induction.
